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Introduction
The conventional deep drawing process is limited to a certain Limit Drawing Ratio ͑LDR͒, beyond which rupture occurs. Consistent prediction of the LDR is difficult because of variations in forming conditions such as variations in material properties, tooling conditions, lubrication methods and blank dimensions. These variations alter the regions of tearing and buckling and affect operational process parameters, thereby leading to complex control problems ͓1͔.
The current industrial practice for any given final part depth and forming conditions is to define a range of ''safe'' control parameters that avoids part failure. For example, when a force control approach is adopted, a safe blank-holder force range is defined in order to avoid tearing or wrinkling. Ideally, the safe range of forces can be shrunken by dynamically adapting the force bounds to product conditions during process execution. Nevertheless, the problem remains-How to obtain ''in-vivo'' information regarding product conditions. More practically, the problem boils down to ''What can be measured?'' and ''How can it be measured?'' so that we can establish the correct operational parameters.
The goal of this research is to construct a method that continuously adjusts the operational parameters during the forming cycle in order to eliminate part failure arising from sheet instability. Specifically, in this paper we suggest performing direct measurement of the strains along the drawn part's wall in order to avoid the eventual occurrence of plastic instability as may be demonstrated by localized wall thinning and rupture.
There are several ways to monitor plastic flow in the deep drawing process they can be classified as being either direct or indirect measurements of incipient failure. Siegert et al. ͓2͔ and Ahmetoglu et al. ͓3͔ proposed measuring the blank holder force trajectory, or the punch force trajectory. Siegert et al. ͓2͔ and Lo and Jeng ͓4͔ proposed measuring the blank displacement. Direct force measurement along the die radius was suggested by Kernosky et al. ͓5͔, who developed a special die shoulder force transducer. Fenn and Hardt ͓6͔ developed a buckling transducer for the forming process that provides information directly from the unsupported region. The sensor relies on deflection of a ring located on the circumference of the cup and an arrangement of photocells and illuminators which together serve to provide a measurement for global buckling.
In this paper, we propose a specially designed, direct measurement technique to quickly and accurately detect incipient failure. The proposed measurement is based on an ultrasonic transducer located below the die that can provide in-vivo measurement of cup thickness. The objectives of this paper are as follows:
• To derive a model to determine the drawn cup wall thickness trajectory • To describe the ultrasonic-based procedure to measure the cup wall thickness during process execution • To demonstrate the accuracy of the above process by means of measurement simulations and experiments.
Background
In a typical deep drawing operation ͑Fig. 1͒, a thin circular blank of initial radius R 0 and thickness t 0 is held between a blank holder and a die. When a cylindrical punch moves down at velocity U 0 , the material under the blank holder is drawn, and deformed into a cup shape with radius R d .
The deep drawing process is limited to a certain LDR which marks the maximum allowable drawing ratio R 0 /R d before rupture. Rupture is usually manifested by strain localization followed by disintegration ͓7͔.
A closer look at the evolution of the drawn cup reveals two major phases: embossing and drawing. Once the embossing phase has been completed the drawing process begins in which the blank is bent and compressed over the die radius, then straightened and pulled down to form a vertical cylinder.
For purposes of predicting strain distribution and deformation regimes in the drawing process, we have adopted an upper bound analysis which provides us with an analytic solution ͓8͔. Numerical solutions of the strain distribution in the drawing process have been reported by Harpell et al. ͓9͔ and by Cao and Boyce ͓10͔. In order to fulfill the upper bound conditions, namely an admissible and continuous velocity field, the workpiece is divided into five geometrical zones surrounding the punch and along the die ͑see Fig. 2͒ .
In the first zone ͑Zone I͒ the thickness t(r) is assumed to be a function of the initial position (r 0 ) of a point in the blank ͑see Appendix I͒.
where: r 0 ϭͱR 0 2 ϪR c 2 ϩr 2 is the initial location of a point in the material.
Hence, a material element with maximal thickness is the one that starts the process at position rϭR 0 and reaches its maximal thickness at the end of Zone I, where rϭx d . In Zone II, the workpiece thickness does not change since there is no velocity along the thickness direction. Nevertheless, thickness changes in Zone I are taken into account. Therefore, the thickness of the workpiece at the end of Zone II, t ␤ , is a function of the punch position, h, and
The regions of the cup wrapped around the punch face and fillet, Zones III, IV and V, respectively, are subject to tensile stresses under resisting frictional forces. Once the flow stress is exceeded, these zones are stretched, and the region around the punch fillet slides over it to cause a thinning of Zone III. Hence, in the compressed zone ͑Zone I͒, the blank tends to thicken, as the zones in the tensile regime ͑Zone III, IV, and V͒ tend to thin. Therefore, in monitoring the wall in order to avoid eventual plastic instability, one should check those zones that are most prone to thinning as well as those that are non-work-hardened, especially above the punch fillet. The in-plane strains in this region determine the height at failure and are closely related to the thickness strain of the material when incompressibility is assumed. An experimental observation of a manufactured cup's thickness is shown in Fig. 3 to demonstrate thickness distribution within the different cup zones. It is observed that the critical strain where the material is thinnest is above the punch fillet. Starting at this point, the thickness changes linearly all along Zone III ͑positions 8 -14͒.
Assuming that the thickness above the punch fillet ͑at the end of Zone III͒ is t 0 , and the thickness along Zone III changes linearly, the expected thickness in Zone III is:
This function is subsequently used as a predictive model in monitoring the thickness distribution along the cup wall.
Measuring Approach
The proposed measuring approach utilizes an ultrasonic sensor positioned against the cup wall ͑see Fig. 4͒ . Pulsed ultrasonic waves are generated at a repetition rate up to 5 MHz, and the reflected waves are continuously measured and processed. An oil layer is situated between the sensor and the sheet metal and used as an acoustic coupling medium.
Transmitted longitudinal waves travel through the oil and impinge upon the sheet metal. Part of the sound energy is reflected and the rest is transmitted. The transmitted part travels through the sheet metal and impinges upon the interface of the sheet metal and the punch. At this point, part of it is again reflected and the rest is transmitted, where the ratio between the reflected and transmitted parts is determined by surface rigidity. The time difference between the first and second echoes can be correlated with cup thickness.
As a one-dimensional problem ͑see Fig. 5͒ , ultrasonic wave propagation can be described by a reduced wave equation: Boundary conditions in this case can be described for the sensor, the sheet metal and the punch. For the sensor during the signal transmission: @xϭ0, @0ϽtϽt 0 : uϭA 0 ͕level of signal͖
Assuming that the sensor behaves as a rigid body compared to the oil, whenever there is no transmission, the acoustic displacement on the sensor is:
The acoustical pressure on the punch interface at the far side of the sheet metal, is zero, assuming that acoustical resistance is maximal due to a minimal air gap ͑a resilient interface͒. Hence, the respective boundary condition is: Given Eq. ͑4͒ and the respective boundary conditions, wave displacement was simulated by using a finite difference scheme ͑see Fig. 6͒ . It should be noted that on crossing an interface from a material with acoustic impedance z 1 to a material with acoustic impedance z 2 , the transmitted wave maintains its displacement direction and the reflected wave maintains its displacement direction if z 2 Ͻz 1 , but changes its direction if z 2 Ͼz 1 ͓11͔. When the propagated wave reaches a resilient media, similar to an air layer, the wave is totally reflected along the x-axis The elapsed time between the transmission and reception of the sound wave is directly proportional to the distance traveled. If the speed of the sound in the oil, c 0 , is known, the distance of the sheet metal from the sensor can be found;
In case that viscosity effects are considered then the speed of sound in the oil, c 0 , should be represented by a complex sound velocity ͓12͔. Upon moving from measuring the first echo to measuring the second echo, and using this to measure wall thickness, several considerations relating to signal quality and potential resolution arise. In particular, when a thin wall is measured ͑the thickness of a thin wall is considered to be approximately 500 m͒ and thickness deviations are in the range of Ϯ50 m, a high frequency sensor or a small wave number (ϭc/ f ) must be used in order to avoid interference of the first and second echoes. As can be seen in Fig. 6 , lowering the sensor pulse frequency will shrink the gap between the echoes and will create interference between them. For example, when copper or magnesium ͑AZ31͒ based materials are drawn, the desired sensors used to measure the wall thickness should have a pulse frequency greater than 15 MHz in order to achieve a reasonable resolution. However, even though a higher frequency would allow a more accurate measurement to be made, higher frequencies are attenuated dramatically ͓12͔. Since our goal is to measure the thickness variation with good resolution, it can be shown that the thickness can be correlated to the echo amplitude. In the event there is interference from several echoes, the thickness can be correlated to the amplitude of the envelope obtained.
Recalling that the pressure of the ultrasonic of the transmitted and received waves, P 1 , and P 2 at the oil and the sheet metal respectively are ͑see Fig. 7͒ ;
The wave velocity can be derived from the complex pressure by differentiation ͓12͔:
Then, the respective velocity can be determined, 
The respective boundary conditions are; @xϭd; P 2 ϭ0 @xϭ0; P 1 ϭ P 2 , and @xϭ0; V 1 ϭV 2
Substituting the boundary condition results in the reflected amplitude, i.e., the pressure amplitude that the sensor receives, we get;
Where:
Hence, the reflection amplitude depends on the sheet metal width, d, R 1 ϭR 1 (d), a feature that can be used to measure thickness. Practically, in real time application, the maximum signal level can be extracted relatively quickly by comparing it to a threshold related to the thickness. This technique is applied below. The calibration process will first be is described, and then experiments results will be presented.
Experimental Results
In all of the work presented here, a simple axisymmetric conical cup was used. To perform the experiments described below, a press with variable blank holder displacement was used ͑see Fig.  8͒ . The press is equipped with an LVDT to measure the punch displacement. An ultrasonic sensor is located below the die lip and immersed in an oil chamber. The pressure in the oil chamber is regulated throughout the drawing process by a unidirectional valve. Drawing speed was around U 0 ϭ1 mm/sec. The material used was copper ͑Cϭ430 kg/mm 2 , nϭ0.31͒, where the initial blank thickness was t 0 ϭ0.5 mm, with a radius of R 0 ϭ72 mm. The punch radius was R p ϭ36 mm, the radius of the punch nose p ϭ5 mm, and the radius of the die lip, d ϭ5.5 mm. Low friction was achieved by using a lubricant type SAE 20. The ultrasonic sensor was connected to a general purpose pulser/receiver card which was PC-embedded. The card functions are integrated into the PC-based press controller and enabled one to close a control loop with a 20 Hz sampling rate.
Before the experiments for in-process measurements were begun, a calibration process was carried out. Calibration tests were conducted using flat copper sheet which was immersed in an oil chamber located in a special jig orthogonal to the sensor. The surface roughness of the samples was in the range of R a ϭ0.15-0.4 m.
The oil temperature was 25°C degrees. The sample thickness was measured first by a micrometer and then by an ultrasonic sensor with a frequency of 2 MHz. The envelope ͑positive value͒ of the reflected signal, including the transmitted signal echoes, is presented in Fig. 9 . The thickness of the sample can be characterized either by the amplitude level of the reflected signal or by the time of arrival. However, the most repeatable and easily recognized feature is the level of the reflected signal. Given the set of maximum levels of the reflected signals, a calibration graph can be generated which correlates the thickness with the maximal signal level ͑see Fig. 10͒ . The graph shows a linear relationship between the thickness and the reflected signal. An additional set of measurements was recorded with an ultrasonic sensor with frequency of 5 MHz. Again, a linear relation was obtained between the signal level and the sample thickness.
In the first set of experiments, pre-formed ͑drawing ratioϭ2͒ drawn cups were measured. Given a drawn cup attached to the punch, the punch was moved backward and forward while its thickness was continuously measured along a longitudinal curve of the cup ͑in Zone III͒. Later, the cup was removed and measured by strain grid analysis ͑grid dimension 1.27 mm͒ and also by a micrometer. All measurements were carried out along the same longitudinal curve. The correlation between the measurements was high, and the maximum difference of 1.5 percent was repeatedly obtained. The measurement results are displayed in Fig. 11 .
The in-process experimental results are shown in Fig. 12 . The curves present thickness as a function of punch displacement, which is sensed on-line by a stationary sensor. In addition, a trajectory of the thickness based on Eq. ͑3͒ is depicted. In general, the trend of the measured thickness trajectory is towards thinning at the beginning of the motion followed by thickening. This trend confirms the predictive model, and indeed deviations from the predicted model are at most 6 percent at the end of the stroke. It is believed that this difference can be attributed to the fact that the model ͑i.e., Eq. ͑1͒͒ provides an upper bound on the forces of the process. Nevertheless, there is a single degree of freedom in the model, which in this case was selected as Ctϭ0.1. Further investigation of how to select the optimal coefficient in the model would be of value.
Measurement error analysis results show that the main source of inaccuracy in the proposed ultrasonic measurements is due to geometrical and dimensional tolerances in the press, assuming that all disturbances are stationary. Worst-case results illustrate that concentricity of the die and the punch is the most critical tolerance. In the worst case, based on the actual dimensions of the press copper blank, the reflected energy would be reduced by 7 percent. Such a reduction in reflected energy would cause the thickness to deviate by 5 nm. However, this deviation in thickness does not exceed the desired resolution.
Summary
The development effort described in this paper has yielded a novel measurement technique for the inspection and control of drawn cup wall thickness during process execution. The measurement technique employs a noncontact ultrasonic-based gauge. Repeat studies show that the measurement accuracy already meets accepted standards.
The thickness trajectory of the drawn cup wall has been determined based on an upper bound analysis. The study demonstrates that the calculated thickness trajectories conform well to experimental results.
The accuracy of the proposed measurement system demonstrates its potential use as a feedback mechanism in a control system that can adapt operational parameters to product conditions. In principle, whenever the onset of necking is detected, process parameters can be adapted to product conditions in order to enlarge the critical strain ͓13͔.
Further research is attempting to develop a multi-probe measurement system that will be located on the circumference of the drawn cup wall, or swept across the critical region of a sheet during deep drawing. This will also be appropriate solution for complex geometries.
